Objective: Pathophysiological models of insomnia invoke the concept of 24-hour hyperarousal, which could lead to symptoms and physiological fi ndings during waking and sleep. We hypothesized that this arousal could be seen in the waking electroencephalogram (EEG) of individuals with primary insomnia (PI), and that waking EEG power would correlate with non-REM (NREM) EEG. Methods: Subjects included 50 PI and 32 good sleeper controls (GSC). Five minutes of eyes closed waking EEG were collected at subjects' usual bedtimes, followed by polysomnography (PSG) at habitual sleep times. An automated algorithm and visual editing were used to remove artifacts from waking and sleep EEGs, followed by power spectral analysis to estimate power from 0.5-32 Hz. Results: We did not fi nd signifi cant differences in waking or NREM EEG spectral power of PI and GSC. Signifi cant correlations between waking and NREM sleep power were observed across all frequency bands in the PI group and in most frequency bands in the GSC group. Conclusions: The absence of signifi cant differences between groups in waking or NREM EEG power suggests that our sample was not characterized by a high degree of cortical arousal. The consistent correlations between waking and NREM EEG power suggest that, in samples with elevated NREM EEG beta activity, waking EEG power may show a similar pattern.
S C I E N T I F I C I N V E S T I G A T I O N S
U p to one-third of adults in the US complain of problems with sleep, and approximately 10% to 15% meet criteria for insomnia disorder. 1, 2 Primary insomnia, a disorder characterized by diffi culty falling asleep, staying asleep, or early awakening without signifi cant comorbid psychiatric or physical illness, has long been used as a model to study the pathophysiology of insomnia. 3 Multiple studies have demonstrated that insomnia is associated with physiological markers of elevated arousal during both wakefulness and sleep, suggesting that 24-hour hyperarousal may be a defi ning feature of this condition. 4, 5 The 24-hour hyperarousal model has been supported by data including increased whole-body metabolic rate during waking and sleep, increased ACTH and cortisol secretion before and during early sleep, and elevated heart rate and beta frequency spectral power during non-REM (NREM) sleep. [5] [6] [7] [8] [9] Impaired cognitive performance may also be related to hyperarousal and sleep disruption in insomnia. 10 Physiological measures of hyperarousal or stress, such as HPA axis activation with increased cortisol secretion, may constitute one mechanism by which insomnia is a risk factor for development of depression associated with increased stress. [11] [12] [13] Multiple studies have looked at quantitative electroencephalogram (EEG) as a marker of arousal during sleep in individuals with insomnia. One of the earliest studies identifi ed a slower increase and reduced levels of power in all frequency bands below beta frequency during NREM, coupled with increased
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You Meme Wu, M.D. 1 spectral power in the beta frequency bands. 14 This fi nding of elevated beta frequency spectral power in sleep has been documented in many other studies. 8, 15, 16 In a study done by our own group looking at NREM periods and sex differences in EEG spectral analysis in primary insomnia, we found increased beta power in the fi rst NREM period among women with primary insomnia. 17 Daytime symptoms are another component of primary insomnia, and one of the main reasons why patients seek care. 18 Although symptoms of fatigue and tiredness have long been associated with insomnia, studies of physiological sleepiness typically show increased alertness, at least in younger and middle-aged adults with insomnia. 11, 19, 20 Although less BRIEF SUMMARY Current Knowledge/Study Rationale: Chronic insomnia is often considered to be a disorder of 24-hour hyperarousal, which may be manifest as elevated high frequency EEG during the sleep EEG. The present study examined whether the waking EEG shows elevated high-frequency activity in chronic insomnia compared to good sleepers, and whether EEG power in different frequency bands correlates between waking and NREM. Study Impact: Although we did not fi nd elevated high frequency in insomnia patients during waking or NREM sleep, we did fi nd strong correlations in EEG power across waking and NREM states. This suggests that the waking EEG may provide a simple method to identify individuals with particular NREM EEG characteristics.
consistently observed, alterations in cognitive functioning or brain activation during task performance have also been noted in insomnia. 9 In keeping with the 24 hour hyperarousal model of insomnia, indices of heightened arousal may also be detectable during waking EEG using spectral power analysis. In one study looking at EEG during the sleep onset period, i.e., just before and after sleep onset, higher beta power was observed in insomnia patients compared to good sleeper controls, supporting the hypothesis that hyperarousal may also be evident during wakefulness. 21 Thus, symptoms of arousal and altered brain activation are consistent with the 24-hour hyperarousal theory of insomnia.
Quantitative analysis of the waking EEG could plausibly provide additional evidence of increased arousal in insomnia. Waking EEG spectral power has been studied in other patient populations to examine correlations with specific symptoms. For instance, in patients with obstructive sleep apnea, the correlation between waking EEG spectral power and daytime sleepiness has been examined, with conflicting results. 22, 23 Waking EEG has also been examined as an instrument to predict severity of premenstrual syndrome, again with inconclusive results. 24 In a study by Buckelew and colleagues examining good versus poor sleepers, theta suppression was noted in 70% of the good sleepers as opposed to 20% of the poor sleepers. 25 While this study included college students rather than insomnia patients per se, the findings suggest that the hyperaroused state of primary insomnia may be captured in waking EEG. Furthermore, a study in healthy young adults showed a correlation between waking and sleeping spectral power, which leads to the expectation that the waking EEG of insomnia patients should display signs of hyperarousal as seen in the sleeping EEG spectral power demonstrated by many studies. 26 Another potential advantage of studying the waking EEG is that its frequency characteristics are highly heritable. 27 Because waking EEG data collection is simpler and less time-consuming than polysomnography (PSG), it could aid the study of insomnia genetics.
The present study includes secondary data analyses of EEG data from two studies of primary insomnia (PI) and good sleeper controls (GSC) (MH024652). Based on the previous observations of increased beta power during sleep in insomnia, and correlations between wake and sleep EEG in healthy samples, we hypothesized that PI would show increased high-frequency power during waking EEG compared to good sleep controls. Given previous studies of night-to-night stability of EEG power in healthy young adults, 28 and apparent genetic determination of an individual's spectral profile, we also hypothesized that the spectral characteristics of the waking EEG in PI group would correlate with those of the NREM.
METHODS
This study constituted a secondary data analysis of waking and NREM data collected in two studies of mood, arousal, and functional neuroanatomy of sleep in adults with PI and GSC. 18, 19 The studies were approved by the University of Pittsburgh Institutional Review Board. Written informed consent was obtained from all subjects prior to enrollment. Participants underwent an initial eligibility screening, completed a set of self-reported retrospective symptoms ratings, a one-week home evaluation including sleep diary and daily symptom ratings, multiple PSG studies, and standardized waking EEG studies.
Participants included 82 men and women between the ages of 20-50. Demographic and clinical characteristics are displayed in Table 1 . Participants were recruited through media advertisements, word of mouth, and clinical referrals. All participants first underwent medical, substance, and medication history taking, standard physical exam, routine blood work, and urine drug screen. The Structured Clinical Interview for DSM-IV (SCID) was used to diagnose psychiatric disorder, and sleep history was elicited with a structured interview and questionnaires. 29, 30 Inclusion criteria for the GSC group included ability to speak and understand English and Pittsburgh Sleep Quality Index (PSQI) score ≤ 5. The PI group met the same inclusion criteria and also were required to have a current diagnosis of primary insomnia according to DSM-IV criteria (difficulty initiating or maintaining sleep with associated daytime symptoms for at least one month, without other comorbid psychiatric or physical condition as an obvious cause) 3 and a PSQI score > 5. 31 These criteria were used to select a broad sample of primary insomnia patients. Exclusion criteria for both groups included significant or unstable medical condition, current major psychiatric or substance use disorder, substance use disorder in the past 6 months, current use of medications known to affect sleep, including benzodiazepine receptor agonists, antidepressant medications, and over-the-counter drugs; coffee consumption > 4 standard (6-ounce) cups in 24 h; and alcohol consumption > 14 drinks per week. Participants refrained from any alcohol on the days/nights of sleep studies, but were permitted to continue their usual caffeine consumption, in order to avoid withdrawal symptoms. The amount of self-reported alcohol and caffeinated drinks revealed no differences between the two groups (Alcohol: GSC 0.4 [SD 0.6] drinks per day, PI 0.3 [SD 0.4] drinks per day; Caffeine: GSC 1.2 [SD 1.0] drinks per day, PI 1.2 [SD 1.2] drink per day). Specific exclusion criteria for the PI group included any major psychiatric disorder within the last 6 months, and for the GSC group, any history of major psychiatric disorder or primary insomnia. Obstructive sleep apnea and periodic limb movement disorder were excluded using a criterion of apnea-hypopnea index > 15 and periodic limb movement arousal index > 20 on one night of screening polysomnography. No participants were taking psychotropic medications at the time of the study.
Participants completed a set of self-reported symptom ratings, discussed below. They then had a one-week in-home evaluation during which they completed the Pittsburgh Sleep Diary 32 for the week, daily ratings of mood and arousal, 18 and ≥ 3 nights of PSG recordings. The Pittsburgh Sleep Diary included bedtime and wake time records. The outcome variables are time in bed, sleep latency, total sleep time, wake after sleep onset, and sleep efficiency. The PSQI was used to measure sleep quality. The Inventory of Depressive Symptomatology (IDS) Self-Report Version targeted symptoms consistent with major depression, though sleep specific questions were removed for analysis purposes. 33 The Hyperarousal Scale was designed to measure daytime alertness among individuals with insomnia. 34 The Epworth Sleepiness Scale (ESS) was used to measure sleepiness as the propensity to doze in 8 specific situations. 35, 36 When the participants were asked to sleep in the laboratory after the initial in-home screening week, they completed the Post-Sleep Evaluation (PSE) which is a locally developed questionnaire with 23 items which focused on the self-evaluation of subjective ratings of the previous night's sleep quality to contrast with PSG measures.
Participants underwent an initial screening evening with PSG recordings followed by 2 nights of baseline PSG for staging and analysis. NREM sleep spectral data were taken from Night 2 unless the recording was not technically adequate, in which case Night 3 data were used. The waking portion of the spectral data was recorded 90-180 minutes prior to habitual bedtime at night on the same night as the PSG study. PSG recordings used standard electrode placement with C3 and C4 EEG leads referenced to A1+A2; right and left electro-oculogram referenced to A1+A2, and bipolar submentalis electromyogram. For the waking EEG with eyes open, participants were asked to stare at a dot on the wall for 5 minutes, minimize blinking, and then they were asked to closed their eyes and fixate on an imaginary dot for 5 minutes, relaxing their eye muscles to minimize ocular artifacts. Grass Telefactor M15 bipolar Neurodata amplifiers and Stellate Harmonie collection software was used for recording for both waking and sleep EEG.
NREM sleep EEG power spectral analysis was conducted as described in a previous publication, with 50 participants overlapping those in the prior report. 17 Briefly, the PSG was staged in 20-sec epochs according to standard criteria 37 prior to the adoption of the new AASM scoring rules. A previously published automated algorithm that uses a moving window threshold was used to eliminate high-frequency EEG artifacts. 38 Because the algorithm uses a moving average window, it identifies as artifacts only those epochs that show large and abrupt changes from the surrounding EEG and makes it unlikely to exclude "real" high frequency EEG data. Additional low frequency artifacts such as wakefulness or movement time were visually edited in 4-sec epochs.
Waking EEG data was first edited for high frequency EEG artifact using the same automated algorithm. This was followed by visual editing for EKG, muscle, movement, and eye movement artifact. The visual editing standard was established with 5 independent scorers who scored the same 10 records. Overall average κ value for agreement on 4-sec epochs was 0.77 (SD 0.14), and ICC on rejected epochs was 0.97. Using this standard for waking EEG, the waking records were scored twice by 2 independent scorers. In order to ensure adequate EEG data for analysis, only records with > 1 minute of non-artifactual waking EEG were accepted for final analysis.
Statistical Analysis
Descriptive statistics for each cohort were generated to characterize the demographics, clinical, and sleep characteristics of PI and GSC groups. Prior to statistical testing, the data were examined for normality and transformations were used where necessary. Demographics were tested using t-tests for continuous variables and χ 2 analyses for categorical variables. Analysis of covariance (ANCOVA) was used to test for group differences in clinical and sleep characteristics of the groups covarying for age and sex. EEG spectral power was first compared power within the traditional frequency bands: delta (0.5-4 Hz), theta (4-8 Hz), alpha (8) (9) (10) (11) (12) , sigma (12) (13) (14) (15) (16) , low beta (16) (17) (18) (19) (20) , and high beta (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . Because group differences may not coincide with these traditional frequency bins, we also analyzed the data in individual 1 Hz frequencies, again using ANCOVA. The EEG recordings used for the analysis are the eyes closed portion of the waking EEG, whole night NREM, and NREM period 1 (NREM1). We chose to compare NREM1 separately because NREM1 spectral power was found to have the highest correlation with waking spectral power in a previous study. 29 Pearson partial correlation coefficients were used to measure the association between waking and NREM sleep EEG controlling for age. We looked at both whole night and NREM1 correlations within the 6 frequency bins listed above. In addition, we also examined relative power, controlling for total power across all bins between 0.5 to 32 Hz, in each type of analysis. Table 1 shows demographic, clinical, sleep, and waking EEG data for PI and GSC groups. The PI group was slightly, but not significantly, older than the GSC group. ANCOVA analyses revealed significant difference in PSQI, ESS, IDS, and Hyperarousal Scales, with PI reporting more severe symptoms. All sleep diary variables also indicated significantly worse sleep in the PI group. These are consistent with findings commonly reported in chronic insomnia samples. 39 PSG sleep latency was significantly longer in PI than GSC, and differences in wakefulness after sleep onset and sleep efficiency approached, but did not reach, statistical significance. The duration of waking EEG used for analyses did not differ between groups; given the fixed duration of waking EEG recordings, the amount excluded for artifact also did not differ between groups.
RESULTS
Analysis of the 6 traditional frequency bands in waking EEG, NREM1, and whole-night NREM showed no significant differences between the PI and GSC groups ( Table 2) . Figure 1 displays the EEG power spectrum and F values for individual 1 Hz bins with the waking EEG power spectrum. Only one of these values, at 6 Hz, displays a trend towards a significant difference between the 2 groups. Post hoc analyses of men and women separately showed only one significant difference: the female PI group had significantly greater power in the theta frequency range in the waking EEG (p = 0.02). Table 3 summarizes Pearson correlation coefficients between waking and NREM EEG, adjusted for age. Large correlations were noted for most traditional power bands. In the PI group, significant correlations were observed between waking power and whole-night NREM for all frequency bands. Waking-NREM1 correlations in PI were significant for all bands except alpha and high beta (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . In the GSC group, significant correlations between waking and whole-night NREM EEG were found in all bands except sigma (12) (13) (14) (15) (16) . Waking-NREM correlations in GSC were significant for delta and theta bands. For both groups combined, waking EEG power significantly 
DISCUSSION
These analyses did not show significant differences in waking EEG spectral power between PI and GSC, except for significantly elevated theta in the female PI group. However, we also failed to find group differences in NREM EEG power, as identified in other samples. Strong correlations between waking and sleeping EEG were identified, particularly in the PI group. These correlations suggest that, in samples with greater evidence of EEG hyperarousal during NREM sleep than the current sample, individuals with increased high frequency activity during the NREM EEG would be likely to have increased high-frequency activity during the waking EEG as well.
The absence of differences between groups in NREM beta power suggests that our sample of PI had less significant hyperarousal than those in other published studies, which could also explain the lack of significant beta power activity during waking EEG. Since we found significant wake-NREM correlations for most frequency bands including beta in the PI group, we would expect that samples with increased beta during NREM sleep would also have elevated beta in the waking EEG. Although beta has been suggested as a marker of arousal during NREM, there has been no consensus regarding changes in the waking EEG that would signify hyperarousal. The trend for increased theta power during in the waking EEG of PI vs. GSC suggests differences between the two groups in homeostatic sleep drive or sleepiness, which may be consistent with group differences in ESS score. This may also be consistent with our earlier finding that women with PI have elevated delta during NREM. 17 Thus, at least some individuals with PI may have markers of elevated homeostatic drive during both sleep and wakefulness in addition to, or instead of, hyperarousal. In another recent study of waking EEG, the PI cohort exhibited increased beta but decreased theta during waking, which differs from our data. 39 Use of absolute vs. relative EEG power and different electrode derivations in the previous study may contribute to these observed differences. Our PI sample also had lower scores on the Hyperarousal Scale compared to previous studies, 34, 40 a difference that may be reflected in EEG characteristics.
Our findings raise several questions for future investigation. First, it would be important to examine theta and beta power during the waking EEG in a group of insomnia patients with more clearly increased arousal. For instance, individuals with increased beta EEG power during NREM or increased cortisol during sleep may be more likely to have increased beta power during waking EEG as well. Second, our findings raise the question of the significance of increased theta power during wake in patients with PI. In previous studies, increased power in the theta frequency range is associated with decreased alertness. 41 Our sample of PI patients had higher ESS scores than the GSC group, indicating a higher level of self-reported tendency to doze in PI. However, most studies of insomnia show reduced physiological sleepiness with techniques such as the multiple sleep latency test. 20, 42 It is possible that increased theta is a more sensitive objective manifestation of sleepiness in PI than the MSLT, with its associated demand characteristics. It is also possible that waking EEG theta may better correlate with insomnia patients' subjective sleepiness and fatigue than does the MSLT.
Our study has several limitations. Our sample size was relatively small. The larger number of PI patients may have provided greater power to detect significant correlations in this group, compared to GSC. The sample of waking EEG was short (5 minutes total collected), and it was recorded at a single time of day, which would limit our waking EEG comparison to one period in the day and does not adequately account for diurnal variations in alertness or EEG. The strength of our study is using a standardized waking EEG protocol and data editing and analysis, and our PI sample closely follows the population seen clinically.
In summary, we did not find differences in waking EEG power between PI and GSC. However, the strong correlations between waking and NREM EEG suggest that further exploration of the waking EEG in carefully selected PI samples is warranted.
